
BEAM ENGINEERING, INC. 

ELECTRICAL AND MECHANICAL ENGINEERS 

732 NORTH R ASTORIA AVENUE P O BOX 607«< SUNNYVALE CALIFORNIA MOW 


|«Mi73*4»T3 


NASA CR-1520S2 


ACOUSTICAL EFFECTS OF BLADE TIP SHAPE CHANGES 
ON A FULL SCALE HELICOPTER ROTOR IN A WIND TUNNEL 


by 

Albert Lee 

Senior Research Engineer 
Beam Engineering, Inc. 
Sunnyvale, California 94086 


April 1978 

(NASA-CR-152C62) ACOUSTICAL EFFECTS CF N78-2C918 

ELADE TIE SHAPE CHANGES CN A FOIL SCALE 
HELICOPTER RCTCB IN A WIND TUNNEL (Eeas 

Fngineering, Inc., Sunnyvale, Calif.) 59 p Cnclas 

HC A04/BF A0 1 CSCI 20A G3/71 112 86 


Prepared under NASA Contract NAS2-9399 
NASA-Ames Research Center 
Moffett Field, California 94035 




BEAM ENGINEERING, INC. 

ELECTRICAL AND MECHANICAL ENGINEERS 

733 NORTH PASTORlA AVENUE PO 80* 60745 SUNNYVALE CALIFORNIA M08* 


'408 1 738-4573 


NASA CR-152082 


ACOUSTICAL EFFECTS OF BLADE TIP SHAPE CHANGES 
ON A FULL SCALE HELICOPTER ROTOR IN A WIND TUNNEL 


bv 

Albert Lee 

Senior Research Engineer 
Beam Engineering, Inc. 
Sunnyvale, California 94086 


April 1978 


Prepared under NASA Contract NAS2-9399 
NASA -Ames Research Center 
Moffett Field, California 94035 



TABLE OF CONTENTS 


Abstract 1 

Acknowledgements 2 

1. Introduction 3-4 

2. Data Acquisition and Reduction 3 

3. Results and Discussions b-7 

3.1 Low Speed 8-9 

3.2 Medium Speed 10 

3.3 High Speed 11 

3.4 Mach Number Effects 12-13 

4. Conclusions 14 

References 13-16 

Tables 


Illustrations 



Abstract 


A full-scale wind tunnel study of the effects of tip shapes on 
noise radiation was performed in the NASA-Ames Research Center 40- by 
80-Foot Wind Tunnel. Four tip shapes were tested. They are rectangu- 
lar, swept, tapered, and swept-tapered. The measured data covered a 
wide range of operating conditions. The range of advancing tip Mach 
numbers were between 0.72 to 0.96, and the advance ratios were from 
0.2 to 0.375* At low and moderate advancing tip Mach number, the data 
in the dbA scale appear to indicate the swept tip is the quietest, 
wept tapered the second, tapered third and rectangular the most noisy. 
Above an advancing tip Mach number of about 0.89, a distinct acoustical 
pulse can be observed, which dominates the acoustical waveform* The 
pulse shape is symmetric at moderate tip Mach number, changing to a 
sawtooth shape at high advancing tip Mach numbers. Based on the am- 
plitude of the impulsive noise, it appears the swept-tapered tip i^> 
the quietest, tapered tip the second, swept tip third and square tip 
the most noisy. The data presented in this report should be useful 
as data bases for the modeling and evaluating helicopter impulsive 
noise. 
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Introduction 


The designs of ©odern helicopters are challenged by the government 
noise regulations and community acceptance in addition to the comfort 
requirements of passengers in civil applications. For military service, 
reduced noise is desirable to reduce the detectability of vehicles and 
the fatique of soldiers. External noise of a helicopter is mainly do- 
minated by the aerodynamic noise produced by the nair. rotor and tail 
rotor* The mechanisms of noise generation of main rotor and tail rotor 
are similar. 

According to Cox* the aerodynamic noise from rotors can be classi- 
fied into rotational noise and broadband noise* The aerodynamic sources 
of rotational noise are mean lift and drag forces, harmonic force fluc- 
tuations, and blade thickness. The broadband noise is mainly due to 
random force fluctuations, and wake self-noise. A prominent and impulsive 
sound occurs when a helicopter operates in certain conditions. When it 
occurs this sound dominates all other noise sources. 


The blade tip is one of the most important noise source regions. 

The effects of tip shapes on the noise generation are rathe* complicated 
because of the complexity of tip aerodynamics. For different tip shapes, 
the aerodynamic loading distributions are different and the resulting 
tip vortices are different* Due to the combined effects of tip vortex 
changes and different aerodynamic response at tip region, the blade, 
vortex interaction noise will be changed. Because of the change in un- 
steady blade loading, the rotational noise radiation will also be changed. 
The low f requency^b^oadband noise is believed mainly due to blade/turbu- 
lence interaction - " . It, too, will be different for different tip shapes 
due to the change of rotor wake turbulence and blade aerodynamic respo^sg. 
The high frequency broadband noise which may be due to vortex shedding * 
will be a^t^red when the tip shapes are altered. At high speed, blade 
thickness may be significant noise source. The thickness noise is 
directly related to the tip shapes and their thickness distributions. 
Different tips may have different compressibility characteristics. The 
sound radiation due to drag divergence is dependent on the tip com- 
pressibility. 

Because of the complexity of the tip shape effects on noise genera- 
tion, no complete analytical method has been developed. There have 
been many efforts to find a low noise tip shape configurations while 
trying to keep or improve the helicoter performance. Lyon, Mark and 
Pyle 1 theoretically studied the rotor tip sound radiation and tried 
synthesize rotor tips for less noise. Lowson, Whatmore and Whitfield 
found that cutting off the corner of fan blade tips of rectangular plan- 
form can reduce the high frequency broadband noise. They suggested 
that this planform change may alter the tip self-interaction 

and therefore the noise radiation. Farassat studied the effects of 

thickness distribution in tip region on noise radiation. Some tip shapes 
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have been experimental tried in wind^ funnel and in flight. A full-scale 
ogee tip helicopter rotor was tested* . This tip was found to have a 
favorable effect on the rotor acoustics. 

It is believed that by suitable design of tip shapes, the noise 
could be reduced while improving the performance. To reach this end, a 
comprehensive test was undertaken on a rotor having interchangeable tips 
not only to determine the acoustic effects of the specific tip shapes, 
but als**> to establish a data base for the theoretical modeling and pre- 
dictions. 

A 44-foot diameter, four bladed rotor with inter \angeable tips 
was used. The four tip shapes which are shown in Figure 1 were tested. 
They were rectangular, swept, tapered (trapezoidal) and swept-tapered. 

The rectangular tip serves as a baseline, and the other three tips 
were used to systemat icallv evaluate the effects of taper and/or sweep. 

The investigation covered a wide range of operating conditions. The 
range of advancing tip Mach numbers was 0.72 to 0.96, and the advance 
ratios were from 0.2 to 0.375. For detail rotor configurations, test 
procedures and rotor performance, see Reference 15. 



2. Data Acquisition and Reduction 

¥ 

Seven *s-inch B&K condenser microphone with cathode followers were 
used for the acoustical measurements. Each microphone was equipped with 
a nose cone to reduce the wind-induced noise. The microphone locations 
are given in Table 1 and shown in Figure 2. A coordinate system is also 
shown. The origin is at the rotor center, with the x-axis downstream, 
the y-axis along the advancing side of the disc, and the 2 -axis up. The 
microphones were calibrated daily with a B&K pistonphone. 

The instrumenation set-up is schematically shown in Figure 3. Stan- 
dard acoustic power supply and amplifier units were used for data condi- 
tioning. An Aopex 1300 A, 14-track FM tape recorder was used for data 
recording. The recorder setting was 1R1G wlde-band 1 and 7h ips, with 
a FM center frequency of 27 K Hz, and a bandwidth of 5 K Hz. The play- 
back was performed at the same time of recording. By comparing the 
input and output signal, one can be sure that valid data were recorded 
on the tape. Tracks 6 to 12 were used to record the acoustic data of 
Mic 1 to 7. Track 13 and 14 recorded 256/rev and 1/rev signals, respec- 
tively. The data were also recorded on an oscillograph for visual 
inspection. 

A home-made acoustical polarity calibration device, named polari- 
tometer, was used to calibrate the polarity of the acoustical data system. 
The polaritometer generated a strong positive pressure pulse as one pushed 
its plunge. This pressure pulse was recorded on all channels of the re- 
corder ahead of the acoustical data. A typical trace is shown in Figure 
4. Hie first downward pulse is compression and represents the positive 
pressure, the sign of helicopter impulsive noise was calibrated against 
this polaritometer trace. 

The A-weighted SPL were reduced by using a B&K audio frequency 
analyzer type 2107. The acoustical waveforms were reduced by applying 
a periodic averaging scheme with the Dynamic Analysis System (DAS). The 
DAS is a DEC PDP 11/45 mini-computer based data system with two RK-05 
disc drives. For detail descriptions of the DAS, see Reference 16. The 
acoustical data were digitized at a sample rate of 5120 per sec. Trig- 
gering with the 1/rev pulses which were generated once per rotor revolu- 
tion when the red blade was at downstream direction, records of 0.2 sec 
(1024 samples) were taken The anti-aliasing filters (low-pass) were 
set at 2 K Hz. After averaging 50 records in a synchronized fashion, 
the nonperiodic noise was significantly reduced. A discrete fourier 
transform was then applied to obtain the amplitude and phase relation- 
ship of each frequency component. After zeroing out the frequency com- 
ponents below 25 Hz and applying inverse fourier transform, the averaged, 
25 Hz high-passed, phase distortion-free acoustical waveforms were ob- 
tained. Thse waveforms are very useful in the study of helicopter im- 
pulsive noise. A Kronhite analog filter was tried for the high-pass 
filtering, but serious distortion of the waveform was found. The method 
of analog filtering was therefore not used in data reduction. 
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3. Results and Discussions 


The data are presented both in dbA and time-domain waveforms. The 
tip shape effects on the noise radiation at various operation conditions 
were examined. Since the noise mechanisms are different in the various 
tip Mach number regions, the data were organized into three-parts; low 
speed (V/ftR ■ .2, M. n • .6) medium speed (V/flR - .4, M. n ■ .6) and higu 
speed (V/flR - .375, Q » .65). ’ 

The background noise in the test section of the 40- by 80-Foot hind 
Tunnel is shown in Figure 5. These background noise data are measured 
at two locations during the present test with rotor hub turning (no blade) 
and those measured in 1974 with different struts Installed. It can be 
seen that all data collapse into a straight line on a log- log scale. 

The A-weight SPL is proportional to the 5.6th power of wind tunnel velo- 
city. The dbA data in subsequent figures are corrected for the background 
noise. 

The background noise is assumed to be unrelated to the rotor noise. 

The following relationship is resulted: 


P T A(f ) - P R A(f ) + P fl A(f ) 

P R A(f ) - P T A(f ) - P fi A(f ) 

where P^. is the mean square sound pressure measured during the test. P R 
and P B are the mean square sound pressure due to rotor and background 
noise, respectively. A(f) is the weighting function of dbA. 


In terms of dbA, we have: 

P„ 


dbAj^ - 10 log 


A(f ) 


ref 



dbA B - dbA T 

dbA R - dbA^. + 10 log (1- 10 10 ) 

The above relationship was used for background noise corrections. 

If the rotor noise is not well above the background noise* the scattering 
of measured data will be amplified after correction. Table 2 shows the 
corrections for different signal to noise ratios. If the data are 10 
dbA or more above the background noise, no correction is necessary, a 
scatter of 1 dbA will result in 1.1 db scatter in the corrected data. 
However, i*. the measured data is 1 dbA above the background noise, the 
signal to noise ratio is rather poor. A scatter of 1 dbA will result 
in about 3.5 dbA scattering after correction. The low speed data pre- 
sented in this report are those at least 3 dbA scattering results in 
1.8 dbA scattering in the final data. The data of medium high speed 
are those at least 2 dbA above background noise. 
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The wind tunnel acoustical data were also contaminated by reflections 
from the hard walls of the wind tunnel. Without a suitable correction, 
the dbA data should not be considered to be accurate. Nevertheless, these 
data are useful for the comparison of different tip shapes on the rela- 
tive bases. 

The acoustical waveforms are believed to be more suitable for the 
study of helicopter impulsive noise. The problems of reflections from 
tunnel hard surfaces are more easily handled in the time-domain wave- 
form. Since the reflection travels a longer path than the incident wave. 
The time lag of a reflection behind the incident is directly related to 
the path difference. If the time lag is equal to or larger than the 
pulse width of the helicopter implusive noise, the amplitude and wave- 
form of the incident acoustical pulse will not be distorted. In this 
case, no correction is required. Fortunately, this was true for all 
of the measurements used herein. 
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3.1 Low Speed 


Figure 6 shows the noise level measured at Mic 3 as a function of 
(Lp. . The rotor was operating at V/flR « .2, M_ Q - .6 (80 knots, 
29i / SPM) > and a jpp ® ° deg. The dbA level of tn£ swept tip blades 
is lowest, although the difference is small, typically 1 dbA or 
less. Figures 7 and 8 show the noise level at ^Tpp * 2.5 deg and 
-5 deg, respectively. Similar trends are observed. The noise 
trend is relatively insensitive to C^ R ^ a . However, the noise level 
increases quite rapidly at high Ct® / a • At low ^lr/o* t * ie rotor wa ^ e 
is relatively close to the rotor disc. The noise due to the in- 
teraction of blade and rotor wake may dominate the noise level. 

This noise radiation is insensitive to . At high values of 

('LR/a* blade stall and compressibility effects may become signifi- 
cant and result in the sharp increase of noise level. As shown 
in Figures 6 and 7 the nois^ of the swept-tapered tip blades does 
not increase as fast as other three blades at high C R . . This 
is possibly due to the better stall and compress \bility charac- 
teristics of that blade tip shape. However, no such trend was 
observable at a^p * “5°, where the noise level was reduced for all 
of the tip shapes. 

Figures 9, 10 and 11 show noise level measured at 'lie 6. There is 
no definite difference among the four tip shapes at cx—p * o deg and 
-2.5 deg. However, at a_p s -5deg, the swept- taperea tip is about 
one to two dbA quieter tnan the swept or rectangular blades. 

Forward speed has significant effects on the noise radiation. Fig- 
ure 12 shows the noise level of swept-tapered tip at different 
forward speeds, measured at Mic 3. The rotor operated at M 1 q * 0.6 
and a ~ p ■ -5 deg. The advance ratio p ranges from 0.15 tc 0.5. Fig- 
ure 1* shows the data measured at Mic 6. Similar trends were ob- 
served at both microphones. The noise level is sensitive to lift 
at low forward speed and relative independent of lift at big 
forward speed. 


Figures 14 and 15 show the noise level of four tip shapes as a 
function of advance ratio. The trends of the four tips are similar. 
The swept tip appears to have the lowest noise level over the ad- 
vance ratio range and swept-tapered tip second. 


Figures 16 and 17 show the effects of tip path plane pitch angle 
on the noise level measured at Mic 3 and 6, respectively. The data 
were obtained at V/ftR * 0.2, M- 


1*,_Q 


0.0 and C. R , ■ .09. As the 

rotor disc was tilted forward, x the separation or' blade and rotor 
wake increased, in addition to the change in relative angle between 
the rotor disc and the microphone. Since the noise is not very 
directional at these operation conditions, directivity is not be- 
lieved to be the cause of t x k changes in noise shown in Figure 16 and 
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17. As the rotor disc tilted forward, there is less interaction 
between the blades and the rotor wake, therefore a reduction in 
noise level is expected. These four tip sh roes show similar trends 
with tip path plane tilt. 
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3.2 Medium Speed 


The noise data presented in this section were measured at nominal 
120 knots tunnel speed and 291 RPM rotor speed. These conditions 
correspond to q ■ .6 and V/ilR ■ .4. In this speed region, the 

rotor noise has & mixture ot the char? eristics of both low speed 
and high speed. 

Figure 18 shows the dbA level of the four tip shapes as a function 
of lift (<* T pp * o). These curves show the typical low speed rotor 
noise characteristics as shown in the previous sections. The swept 
tip has the lowest dbA level among four tips. Figures 19 and 2u 
show the results at a • -5 deg and -10 deg. The trend shown in 
Figure 20 is similar to that of high the speed cases which will be 
described in the next section. As the tip path plane is tilted 
forward the relative angle between rotor disc and mic 3 decreases. 

In other words, the mic 3 is closer to the rotor disc plane. At 
high speed the impulsive noise is dominate near ae rotor disc plane. 
This implusive noise is insensitive to lift. Figures 21, 22 and 
23 are the data measured at Mic 6. They show similar trends as those 
measured at Mic. 3. 
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3.3 High Speed 


Figures 24, 25 and 26 show the dbA level at Hie 3, when o_pp 8 o deg, 
-5 deg and -10 deg respectively. The rotational tip Macn number 
was M. q * 0.65, at advance ratio V/Sffi 8 . 375. The advancing tip 
Mach n&noer is 0.894. The compressibility and thickness effects 
are probably the dominant factors in the noise radiation. In 
contrast to the low speed case, the dbA level is basically inde- 
pendent of lift. Figures 27, 28 and 29 show the noise levels 
measured at Mic 6. Similar trends to those noted above are ob- 
served. The dbA level of the swept tip blade is lowest among 
four tip shapes. In the case of low tip path plane pitch ( a ^pp 
8 o deg and -5 deg), the swept-tapered tip radiates about 0 . j 
to 1 dbA less than rectangular tip and trapezoidal tip. 
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3.4 Mach Number Effect* 


(i) dbA Laval 

The tip Mach number is one of the most important parameter* on 
determining the noise radiation. Figures 30 and 31 shown the dbA 
level as a function of advancing tip Mach number, as measured at 
NIC 3 and NIC 6, respectively. The data shown In these two figures 
were measured at a___ • -5°, a nominal lift of C. _ , « .07 and the 

other nominal conditions: 


At lower advancing tip Mach number the swept tip seems to Indicate 
the lowest dbA level. The other three tips show little difference 
among then. At advancing tip Mach number above 0.9, the dbA level 
of swept-tapered tips appears to be the lowest. 

(il) Waveform 


The noise waveforms may be more useful in the study of the high 
speed inquilsive noise than the integrated dbA readings. Figures 32 
through 39 show (he Mic 3 acoustical waveforms measured at V/ftR - 
0.375, a__p • -5 , and C._, ■ 0.07 (nominal). The detailed rotor 

operational conditions are listed in Table 4. At moderate and 
high advancing tip Mach number a distinctive negative pulse can be 
observed in the waveform, occurlng once every blade passage. This 
waveform is relatively symmetric. As the advancing tip Mach number 
increases, the waveform becomes unsymmetric. Sawtooth pulse shapes 
were observed at.high Mach number. Similar waveforms were observed 
in the in-flight . 


Figure 32(a) is the raw data from the trapezoidal tip blade neither 
averaged nor filtered. Figure 32(b) is the unaveraged data after 
removing all energy below 25 Hz. The main effect of 25 Hz high pass 
filtering is to eliminate the first blade passage harmonic which is 
below 25 Hz. As can be seen, the negative pulse shape and ampli- 
tude does not have any observable changes. This is because the 
harmonic content below 25 Hz in this negative pulse is not signi- 
ficant. Figure 32(c) shows the effects of averaging. After aver- 
aging 50 time the noise unrelated to the blade passage frequency 
is essentially averaged out. The tunnel background noise and rotor 
broadband noise are not harmonics of the rotor rotational frequency, 
and are therefore reduced or eliminated. However, the reflected 
noise from the tunnel surfaces cannot be averaged out, because they 
are also periodic. The nearest surface is the floor. The difference 
of sound traveling time between incidence and reflection is about 4 
msec. The reflections from other surfaces will occur even later. 

The negative pulse width is about 4 msec. Therefore, the reflections 
should not mask the main negative pulse. 
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Helicopter impulsive noise is rather directional, and the sound 
to be reflected travels along different paths from that of incident 
sound. In the case of thickness noise, the reflection started 
with a weaker amplitude in the first place because of its direc- 
tivity, and is further reduced due to reflection. These combined 
facts should help our ability in the analysis of helicpter impul- 
sive noise measured in a large hard-wall wind tunnel. As a matter 
of fact, very little reflection off the tunnel floor can be ob- 
served on the acoustical waveform traces. Figure 33(d) shows the 
coid>ined results of SO revolution averaging and 25 Hr high pass 
filtering. The amplitude of the negative pulse can be readily 
distinguished. Figure 33 and 34 are the data from the trapezoi- 
dal tip blades at Mj ^ - .939 and .966, respectively. Figure 35, 
36 and 37 show the acoustical waveform from the swept-tapered 
tip blades, and Figure 38 and 39 show the data of swept tip and 
rectangular tip blades, respectively. 

The acoustic waveforms shown in these figures for different tip 
shapes can be used as data bases in the evaluation of various 
theoretical prediction schemes for the strong Impulsive noise at 
high speed. 

Figure 40 shows the amplitude of the negative acoustical pulses 
of four tips at different advancing tip Mach nun&ers. The swept- 
tapered tip blade produces the lowest impulsive noise. At 
* .9 (nominal) the impulsive noise of swept-tapered tip blade* is 
the lowest among the four tips. However, the dbA results of figures 
30 and 31 shows the noise level of swept tip blades is the lowest 
among four tip shapes. It is felt dbA probably is not always 
adequate for Judging the impulsive noise of helicopter rotors. 
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Conclusion* 


Th# acoustic lists of a 44-foot rotor with four binds tip shape* 
wars measured in ths NASA. Ansa Research Canter 40- by 80-Foot Wind 
Tunny 1. Ous to background noia* and rsvsrbsration no absolute dbA 
isvsl could be obtainsd without extonsiv* corrections. However, th* 
rslstivs change* of dbA level* ~4* to the differences in tip shape* 
are generally useful* in asses* ing the tested four blade*, but may not 
always be adequate when strong impulsive noise occurs. 

Below the advancing tip Mach number of about 0.89, th* dbA data 
appear to Indicate that the swept tip is the quietest, swept-tapered 
tip second, trapesoidal tip third, and rectangular tip the most noisy. 

At high tip Mach number a distinct negative acoustical pulse which 
occurs once per blade passage was observed in the time waveforms. The 
amplitudes of these pulses sre strongly dependent on the advancing tip 
Mach number. 

The pulse shspe is symmetric at moderate tip Mach number, hut 
changes to sawtooth shapes at very high Mach number. Above the advan- 
cing tip Mach number of about 0.89 and based on the amplitudes of im- 
pulsive noises the data Indicate swept-tapered tip is the quietest, 
trapesoidal tip second, swept tip third, and rectangular tip loudest. 
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Table 1 - Microphone Location* 














Table 2 - Background Noise Correction 


Measured 

data 

CdbA)_ 

Background 

Noise 

(dbA) 

Difference 

(dbA) 

Corrected rotor 
noise 

(dbA) 

110 

100 

10 

109.5 

109 

100 

9 

108.4 

108 

100 

8 

107.3 

107 

100 

7 

106.0 

106 

100 

6 

104.7 

105 

100 

5 

103.3 

104 

100 

4 

101.8 

103 

100 

3 

100.0 

102 

100 

2 

97.7 

101 

100 

1 

94.1 



Table > 

l - Rotor Nominal 
in Figure# 30 

Condlt lows 
and 31 


vAra 

M l, 0 


M l, 90 

.2 

.55 


.66 

.15 

.6 


.69 

.2 

.6 


.72 

.25 

.b 


.75 

.3 

.6 


.78 

.375 

.6 


.825 

.4 

,6 


.84 

.375 

,b5 


.89 

.375 

.68 


.935 

.375 

.7 


.963 



Tip 

Trapezoidal 

Trapezoidal 

Trapezoidal 

Swept-tapered 

Swept-tapered 

Swept-tapered 

Swept 

Rectangular 


Table 4 - Rotor Conditions in Figures 
30 through 40 


Run. Point 

v 

1, 90 
(m/sec) 

V 

00 

(m/sec) 

P o 

(kg/m* ) 

c 

s 

(m/sec) 

C LR/o 

38.6 

223.1 

83.69 

1.153 

342.2 

.0687 

58.5 

234.1 

87.45 

1.148 

342.6 

.0696 

58.20 

242.0 

90.79 

1.130 

344.7 

.0658 

21.26 

225.6 

84.62 

1.120 

345.9 

.0766 

55.31 

233.5 

87.96 

1.139 

342. i: 

.0731 

56.4 

239.6 

90.33 

1.147 

341.3 

.0707 

49.45 

225.2 

84.57 

1.130 

345.5 

.0704 

46.5 

223.1 

83.69 

1.151 

341.7 

.0703 
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Figure 1 - Four tip shapes tested 
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Figure 3 - Acoustic instrumentation 


set-up 
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Figure 5 - Wind tunnel background noiae 
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Figure 8 - dbA noise levels as a function of C 

Mlc 3, i - -5 deg LR/o 
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Figure 9 - dbA noise levels as a function of C. . 

Mic 6, a - o deg LR/o 



Figure 10 - dbA noise levels as a function of C TO/ 
Mic 6, a ® —2.5 deg LR/o 
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Figure 15 - dbA noise level vs advance ratio, Mic 





Figure 16 - The effect of tip path plane angle-of-attack 
on dbA level, Mic 3 
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Figure 17 - The effect of tip path plane angle-of-attack 
on dbA level, Mic 6 
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Figure 18 - The acoustic effect of tip shape as a function 
of C T _,_ , Mic 3, a * o deg 




Figure 19 - The acoustic effect of tip shape as a function 
of C LR/o* Mlc 3 * °s = " 5 deg 
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V/nR = 0.3 □ RECTANGULAR 




< 

JD 

"O 


Figure 21 - The acoustic effect of tip shape as a function 
of C LR/o’ Mic 6 ’ °s " ° deg 
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Figure 22 - The acoustic effect of tip shape as a function 
of C LR /,,» ri g “ "5 deg 
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Figure 24 - The dbA levels of different tip shapes at high 
speed, Mic 3, a ■ o deg 
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Figure 25 - The dbA levels of different tip shapes at high 
speed, Mic 3, o * -5 deg 



Figure 26 - The dbA levels of different tip shapes at high 
speed, Mic 3, a - - 10 deg 





Figure 27 - The dbA levels of different tip shapes at high 
speed, Mic 6, a « ° deg 
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Figure 28 - The dbA levels of different tip shapes at high 
speed, Mic 6, a = -5 deg 
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Figure 29 - The dbA levels of different tip shapes at high 
speed, Mic 6, i = -10 deg 




□ RECTANGULAR 
A SWEPT 
O TRAPEZOIDAL 



Figure 31 - The effect of Mach number on dbA level, Mic 
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Figure 33 - Acoustical Waveform from trapezoidal Tip 
Slades, Mic 3, M, - 0.939 
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la; ensemble averaged 

Figure 35 - Acoustical Waveform from swept-tapered 
tip blades, Mic 3, M, on * 0.966 



50-ensemble averaged, 25 H?. high pass digitally 
filtered 






Figure 36 (b) - 25 Hz Ugh pass digitally filtered 
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Figure J7 - Acoustical Waveform from swept-tapered tip blades 
Mlc 3, M, Q . - 0.966 


mu 



Figure 37 (b) - 25 Hz high pass digitally filtered 



my 



Figure 37 (d) - 50-ensemble averaged, 25 Hz high pass 
digitally filtered 
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Figure 40 - T \e amplitude of rotor impulsive noise 



